DNA methylation is responsible for regulating gene expression and cellular differentiation and for maintaining genomic stability during normal human development. Furthermore, it plays a significant role in the regulation of hematopoiesis. In order to elucidate the influence of DNA methylation during B-cell development, genome-wide DNA methylation status of pro-B, pre-BI, pre-BII, and na€ ıve-B-cells isolated from human umbilical cord blood was determined using the methylated CpG island recovery assay followed by next generation sequencing. On average, 182-200 million sequences were generated for each precursor B-cell subset in 10 biological replicates. An overall decrease in methylation was observed during the transition from pro-B to pre-BI, whereas no differential methylation was observed in the pre-BI to pre-BII transition or in the pre-BII to na€ ıve B-cell transition. Most of the methylated regions were located within intergenic and intronic regions not present in a CpG island context. Putative novel enhancers were identified in these regions that were differentially methylated between pro-B and pre-BI cells. The genome-wide methylation profiles are publically available and may be used to gain a better understanding of the involvement of atypical DNA methylation in the pathogenesis of malignancies associated with precursor B-cells.
Introduction
B-cell development comprises several developmental stages beginning with pluripotent haematopoietic stem cells (HSCs), followed by common lymphoid progenitor cells (CLP), progenitor-B-cells (pro-B), precursor-B-cells (pre-BI and pre-BII), immature B-cells (na€ ıve B-cells), and, finally, mature B-cells. Each developmental stage has diverse biological features that are regulated by differential gene expression. 1, 2 Numerous transcription factors (TFs) are known to be responsible for lineage-specific gene regulation. [2] [3] [4] In addition, regulatory elements, such as enhancers, have been shown to be critical for tissue and developmental stage-specific gene expression. 5 However, the identification of enhancers and how they are regulated has not been described in precursor B-cell development.
DNA methylation is an epigenetic modification by which a methyl group is added to a cytosine base at the carbon-5 position in a CpG dinucleotide. 6 DNA methylation regulates gene expression by attracting methyl-CpG-binding domain proteins (e.g., MeCP2 and MBDs), which promote chromatin condensation into a transcriptionally repressive conformation. [7] [8] [9] Tissue specific DNA methylation is responsible for regulating gene expression and cellular differentiation and for maintaining genomic stability during normal human development. 10, 11 It is well established that DNA methylation plays a role in the regulation of hematopoiesis, including myelopoiesis and lymphopoiesis. For example, DNA methylation is requisite for HSC self-renewal and deficiency of methylation leads to differentiation into myeloerythroid cells. 12 On the other hand, an increase in DNA methylation is associated with lymphoid commitment. 13 Furthermore, the alteration of tissue specific gene expression by DNA methylation may lead to the progression of many disease states, including cancer. The major focus of methylation studies has historically been centered around the gains or losses of methylation within the promoter regions of genes and the impact of these modifications on the regulation of gene expression. More recently, studies have highlighted the importance of alternative regulatory regions such as transcriptional enhancers in the regulation of gene expression. 14, 15 Unlike the ability to identify a promoter based on its proximal location adjacent to a gene, enhancer detection relies on a number of imperfect measures of chromatin regulators, such as histone modifiers in a particular cell type. These important regulatory elements are often found within noncoding regions of the genome, recruit transcriptional coactivators and, like tissuespecific promoters, are responsible for cell type specific gene regulation.
Genome-wide assessment of DNA methylation in both healthy and diseased tissue is critical to understanding the functional consequence of altered DNA methylation. In this study, genome-wide DNA methylation profiles were generated using the methylated CpG island recovery assay 16 followed by next generation sequencing (MIRA-seq) for 4 subsets of B-cells that were isolated from human umbilical cord blood (HCB) at different stages in development. The study of methylation profiles in normal cells will aid in elucidating the role of altered DNA methylation in the pathogenesis of acute lymphoblastic leukemia (ALL), a malignancy associated with stage specific precursor B-cells.
Results

Genomic distribution of DNA methylation during B-cell development
To better understand the role of methylation in early B-cell development, 10 MIRA-seq libraries were constructed each for pro-B, pre-BI, pre-BII, and na€ ıve B-cell subsets isolated from the same individual. A sorting strategy that utilized the level of CD45 expression as a discriminator between pre-BI, pre-BII and na€ ıve B-cells 17 and a stringent gating strategy were employed to ensure that the 4 distinct populations of cells were collected with no overlap. 18 On average, 180 million reads were generated for each sample, of which 92% were aligned to the human reference genome. Within each B-cell subset, the coverage was approximately 60x when taken across all biological replicates, resulting in a high-resolution map. After removing duplicates to eliminate the preferential amplification of certain fragments that may be introduced as a result of low amounts of starting material, 40 -79 million unique reads remained in each subset ( Fig. 1 and Table 1) .
Methylation peaks present in at least 8 of the 10 samples were used to investigate the genome-wide distribution of DNA methylation in each precursor B-cell subset. More than 201,000 peaks were shared across subsets and less than 5% of the peaks were unique to any individual subset. Similar genomic distributions were observed for each subset with an overwhelming majority of the methylation peaks present in intergenic and intronic regions (Fig. 2) . Historically, genome-wide methylation assays have focused on the promoters of genes, CpG islands (CGIs), CpG shores, and, more recently, CpG shelves. 19, 20 Therefore, we also investigated the distribution of methylation peaks within a CGI context. Strikingly, the vast majority of methylation peaks in healthy precursor B-cell subsets do not occur within a CGI context. A total of 3-4% overlapped with a CGI, 5-6% were found within a CpG shore, and 3-4% were found within a CpG shelf (Fig. 3) .
Differentially methylated regions in precursor B-cell differentiation A total of 14,294 hypomethylated and 4,210 hypermethylated DMRs were identified and plotted using Circos 21 at an FDR of 5% during the transition from pro-B to pre-BI cells (Fig. 4 and Table S1 ). The genomic distribution of DMRs differs between the hypomethylated and hypermethylated loci (Fig. 5) . More than 95% of the hypomethylated loci lie within intronic and intergenic regions, whereas approximately 80% of the hypermethylated loci are present in intronic or intergenic regions. Quite interestingly, no DMRs were observed between the pre-BI to pre-BII cell transition or between the pre-BII to na€ ıve B-cell transition. This is not surprising considering that these cells are more similar than pro-B-cells, which still possess the stem-like cell surface marker CD34.
In the pre-BI cells, »1% of the hypomethylated DMRs and »3% of the hypermethylated DMRs were found within a gene promoter (Fig. 5) . To gain insight into the potential biological consequence of the loss or gain of promoter methylation in pre-BI cells we performed functional annotation of promoter DMRs using the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7. 22 No gene sets or functional groups were significantly enriched in promoter DMRs. Therefore, we sought to identify potential functional DMRs present in intergenic and intronic regions. We first identified enhancer related histone marks in the lymphoblastoid cell line GM12878, a surrogate for precursor B-cells. The location of the histone marks representing potential poised and active enhancers (H3K4me1 and H3K27ac) were then superimposed on the intergenic and intronic DMRs. 5, [23] [24] [25] A total of 467 potential enhancer-like DMRs were identified that possessed H3K4me1 and H3K27ac: 197 were hypomethylated and 270 were hypermethylated in pre-BI cells compared to pro-B-cells (Table S2 and S3). To examine the possible impact of differentially methylated enhancer-like regions, a list of target genes for each DMR was generated from the nearest upstream and downstream gene. More than 200 putative target genes were identified in the hypomethylated DMRs and 396 were identified in the hypermethylated DMRs. Consistent with the differentially methylated promoter loci, no gene sets or functional groups were enriched in the enhancer associated DMRs. However, the enhancer-like DMRs contained genes involved in the regulation of leukocyte activation and the B-cell receptor (BCR) signaling pathway. Specifically, the enhancer regions of genes implicated in lymphocyte differentiation (EGR1, FOXP1 and KLF6) and in the BCR signaling pathway (CARD11, LILRB3 and CD81) gained methylation during the transition from pro-B to pre-BI cells. In contrast, the BCR signaling pathway genes VAV3, GRB2, PPP3CA, and NFATC1 lost methylation during the transition from pro-B to pre-B-cells ( Table 2) . Therefore, it is reasonable to infer that the regulation of these genes during B-cell differentiation is affected by the presence or absence of methylation in cell-type specific enhancers. It has previously been shown that DNA methylation decreases during cellular differentiation of myeloid cells, 26, 27 but increases when comparing early progenitor cells to fully differentiated lymphoid cells. 13, 20 In order to visualize the changes in methylation as precursor B-cells differentiate, the average level of methylation at DMR loci was examined across each subset. Two prominent patterns arose, each beginning with a decrease in methylation between the pro-B and pre-BI stage followed by: 1) a steady state of methylation being observed in subsequent stages; or 2) a slight increase in methylation in subsequent stages. The second pattern observed in our data helps elucidate when the increase in methylation begins to occur in lymphoid differentiation.
Discussion
Epigenetic modifications are well known to play important roles in disease. In order to better understand and identify aberrant, disease-associated epigenetic events, it is imperative to create epigenomic data sets for all normal tissue types. The ENCODE consortia set out to define the functional elements in the human genome including epigenetic marks such as histone modifications and DNA methylation. This effort has produced genome-scale epigenetic data sets for multiple cell types but does not include every cell type. Precursor B-cell ALL is the most common malignancy seen in children and also affects adults. Precursor B-cells are present at a low frequency in pediatric bone marrow and at even lower frequencies in adult bone marrow. In order to generate DNA methylation profiles in precursor B-cells we obtained umbilical cord blood from healthy donors, which is rich in precursor B-cells and more easily attainable than bone marrow from healthy children. For the first time, we provide whole-genome DNA methylation profiles for 4 subsets of B-cells derived from umbilical cord blood.
In this study, MIRA-seq followed by next generation sequencing was used to examine genome-wide DNA methylation during the development of B-cells. Caldwell and colleagues have shown that CD19
C -cells that express high levels of CD45 correspond to na€ ıve B-cells, which express surface IgM; CD19 C -cells that express intermediate levels of CD45 correspond to pre-BII cells, which express cytoplasmic IgM; and CD19
C -cells that express low levels of CD45 correspond to pre-BI cells. which do not express cytoplasmic IgM. 17 Therefore, we isolated 4 subsets of precursor B-cells:
med ); and 4) na€ ıve B-cell (CD34 ¡ /CD19 C /CD45 high ).
18
DMRs were identified to determine the dynamic range of DNA methylation as B-cells differentiate. Many DMRs lost methylation during the transition from pro-B to pre-BI cells, consistent with a previous study. 27 In addition, more than 4,000 regions were identified that gained methylation during the transition from pro-B to pre-BI cells. Contrary to the findings of Lee and colleagues, 27 we observed no DMRs at a 5% FDR during the pre-BI to pre-BII transition or during the pre-BII to na€ ıve Bcell transition, indicating that methylation levels remain unchanged during this period. This can be explained by the fact that MIRA-seq identifies genomic regions that are methylated, whereas the Infinium array utilized by Lee and colleagues surveys individual CpG sites. Our results suggest that any of these subsets (pre-BI, pre-BII, na€ ıve-B) could serve as an appropriate "control" cell population in studies aimed at identifying differential methylation in diseases of precursor Bcells, such as ALL. It is interesting to note that many precursor B-ALL patients retain (or gain) the stem-like cell surface marker CD34, calling into question whether the cells are more related to pre-B or pro-B-cells. MIRA-seq has the advantage of being able to distinguish the methylated DNA in all regions of the genome and the slight disadvantage that the precise location of the methylation cannot be distinguished. The vast majority of methylated regions in normal precursor B-cells were present in intergenic and intronic loci. Perhaps these loci are important in maintaining genomic stability; 19 however, it is equally plausible that these regions harbor important regulatory sequences, such as enhancers, that are affected by methylation. 23, 28 In fact, more than 450 putative enhancer-like DMRs were identified in pre-BI cells compared to pro-B-cells indicating cell-type specific gene regulation. Putative targets of the enhancer-like DMRs play fundamental roles in lymphopoiesis and BCR signaling, and included the genes FOXP1, KLF6, CARD11, LILRB3, CD81, VAV3, GRB2, PPP3CA, and NFATC1. When other regulatory DMRs were considered, none of the promoters associated with genes involved in B-cell differentiation were differentially methylated. Therefore, intergenic and intronic regulatory regions may be the driving force in B-cell differentiation.
In summary, we provide genome-wide DNA methylation profile at 4 stages of B-cell development. We report for the first time hypermethylated loci associated with the transition of pro-B to pre-BI cells. The majority of the differentially methylated regions identified lie within intronic and intergenic regions and some of these regions overlap with putative regulatory regions. This study supports the use of umbilical cord blood as a source for precursor B-cells and establishes a baseline methylation profile for precursor B-cell subsets. It is likely that the DMRs identified in regulatory regions will be important in identifying the mechanisms responsible for the dysregulation of gene expression associated with precursor B-cell disorders such as ALL.
Materials and Methods
Isolation of precursor B-cell subsets
The cell sorting strategy developed by Caldwell and colleagues 17 was employed to isolate 4 subsets of precursor B-cells from 10 HCB samples from healthy individuals provided by the St. Louis Cord Blood Bank, as previously described. 18 Briefly, mononuclear cells were separated by density centrifugation using 
med ), and na€ ıve (CD34 ¡ /CD19 C /CD45 high ) B-cells (Fig. 6) . DNA isolation and MIRA-seq library preparation Genomic DNA was isolated from each precursor B-cell subset immediately after flow sorting with the QIAamp Ò DNA Micro Kit (Qiagen; cat. no. 56304) according to manufacturer's instructions, and eluted in 30 ml of nuclease free distilled water. Due to the low number of pro-B-cells isolated from HCB samples, approximately 100 ng of DNA was recovered. Therefore, library construction for each of the 4 subsets was performed using a starting amount of 100 ng of DNA. The DNA was sonicated to generate 200-to 600-bp fragments using the Bioruptor Ò standard (Diagenode; cat. no. B01010002) at 4 C. Sonication was performed using the high power setting with alternating 30 s on/off intervals for a total of 9 minutes. After 5 min, ice was added to the water bath to keep the samples cool. Sonicated DNA fragments were purified and concentrated using the MinElute PCR purification kit (Qiagen; cat. no. 28004). The purified fragments were electrophoresed on a 1% agarose gel at 96 volts for 45 min for size selection. DNA bands between 200 bp and 600 bp were excised and then extracted using the MinElute Gel Extraction kit (Qiagen; cat no. 28604) according to manufacturer's instructions.
The NEBNext Ò DNA Library Prep Master Mix Set for Illumina kit (New England BioLabs; cat. no. E6040S) was utilized for library construction according to manufacturer's instructions with modifications. Briefly, end repair and dA tailing was performed with purification after each step using Agencourt Ò AMPure Ò XP Beads (Beckman Coulter; cat. no. A63881). NEBNext Adaptors (New England BioLabs; cat. no. E7335S) were ligated to the repaired DNA and purified using 1.0X AMPure XP beads. After adaptor ligation, MIRA was performed for the enrichment of methylated DNA using the Methyl Collector TM Ultra kit (Active Motif; cat. no. 55005) which utilizes a HisMBD2b/MBD3L1 protein complex to bind methylated DNA fragments. PCR enrichment of recovered methylated DNA fragments was then performed using reagents from NEBNext Ò DNA Library Prep Master Mix Set for Illumina with multiplex oligos for 16 cycles. PCR products were purified using Agencourt Ò AMPure Ò XP Beads (Beckman Coulter; cat. no. A63881). To validate the enrichment of methylated DNA, end point PCR amplification was performed for SLC25A37, a gene that should be methylated and therefore present in the methylation enriched sample, and APC1, a gene that should be unmethylated and therefore depleted in the methylation enriched sample. The forward primer 5 0 -GGTGGCTCCCACTTTAAGAA-3 0 and reverse primer 5 0 -ATCTCGGCTGTCCCCAT-3 0 were used for SLC25A37 (annealing temperature 58 C; amplicon size 158 bp), and the forward primer 5 0 -ACTGCCAT-CAACTTCCTTGC-3 0 and reverse primer 5 0 -GCGGATTACA-CAGCTGCTTC C-3 0 were used for APC1 (annealing temperature 56 C; amplicon size 162 bp). Fragment analysis for each validated library was performed prior to sequencing. Four quality-tested MIRA-seq libraries were multiplexed in either 2 nM or 10 nM concentrations and sequenced on the HiSeq 2000 (1 £ 100 bp reads) at the University of Missouri DNA Core Facility.
Data processing, alignment, and peak identification Adaptor sequences were trimmed from reads and subsequent short reads were discarded using cutadapt 1.2.1. 29 Reads were then aligned to the human reference sequence (GRCh37 with SNP135 masked) with bowtie2 (version 2.1.0) 30 using default parameters. Aligned files were then converted to BAM files and sorted by coordinate using SAMtools (version 0.1.19-44428cd) 31 "view" and "sort," respectively. Duplicate reads were removed from the BAM files using Picard-tools (version 1.92) "MarkDuplicates" with default parameters. The resulting BAM files were indexed with SAMtools "index." Peaks were identified using MACS2 (version 2.0.10.20130712) 32 "callpeak" with default parameters. In order to standardize peak calls between samples, one file with all of the peak calls from each sample was created, sorted, and then merged with bedtools (version 2.17.0) 33 "mergeBed" to create a file of unified peaks. Samples were assigned a peak if their own peak overlapped with the unified peaks. Peak results are available as "Custom annotation tracks" for download and viewing in the UCSC genome browser (http://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUserD submitandhgS_otherUserNameDtaylorkhandhgS_otherUser SessionNameDMIRAseq).
Annotation and enhancer prediction
Methylated peaks were annotated with HOMER (Hypergeometric Optimization of Motif EnRichment), version 4.3, using the Perl script "annotatePeaks.pl" with default parameters to identify their genomic location. 34 The X and Y chromosomes were excluded from the analysis because the genders of the individual cord blood samples were unknown. Genome-wide CpG island positional information from the UCSC table browser was used to identify the position of methylation peaks within a CpG island context. In order to predict enhancer-like regions, publically available ChIP-seq data for histone modifications (H3K4me1 and H3K27ac) in the lymphoblastoid cell line (GM12878) were obtained from the ENCODE Data Coordination Center at UCSC. The GM12878 cell line is derived from peripheral blood B-cells and is the most closely related cell type to precursor B-cells with publically available histone data.
Differentially methylated regions of interest
Differentially methylated regions (DMRs) between the various stages of B-cell development were identified using the same computational methodology proposed by Chavez and colleagues. 35 A saturation analysis was first performed on each preprocessed and aligned sample (BAM file) to ensure sufficient coverage depth (and therefore reproducibility): any sample with insufficient depth (based on saturation correlation <0.90) was excluded from further analyses. Following this additional quality control check, the data were normalized using a CpG coupling factor-based method. This approach is built on the theory of coupling factors 36 and is implemented using a mixture model that takes into consideration the distribution of CpGs in the reference genome. Identification of DMRs was based on the normalized data, and the aforementioned approach does not necessarily require an input ('control') sample to be sequenced. Read counts were binned using 100 bp windows with 300 bp overlaps (based on an expected fragment size of 400 bp). This resulted in approximately 3 million windows, which we term 'regions of interest' (ROIs). ROIs with modest signal representation were excluded (i.e., mean across all samples being compared <20 counts), which is akin to traditional non-specific filtering. This filtering approach is independent of the test statistic so as not to introduce bias, 37 while increasing power and reducing false discoveries. In the remaining ROIs, testing for differential methylation was performed using the edgeR package called via the MEDIPS package in R/Bioconductor. The ROIs with a false discovery rate (FDR; based on Benjamini-Hochberg approach) <5% were extracted and these regions were merged if immediately adjacent (distance between bp D 1) to other ROIs meeting this criteria. Hyper-and hypo-methylated ROIs were merged separately so that only putatively consistent ROIs were combined. The reported log fold change for merged ROIs is the maximum (hypermethylated) or minimum (hypomethylated) log fold change for any of its constituent ROIs. It should be noted that the DMR approach is not a peak-based approached, so the aforementioned peak identification and annotation work serves a complimentary role and does not involve identification of DMRs.
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